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Two ADP binding sites have been demonstrated on the reconstitutively active /&subunit, that was removed 
from the Rhodospirillum rubrum membrane-bound ATP synthase. One is a high affinity site (& = 0.7 !iM) 
that does not require MgCl, and is unaffected by it. The second is a low aflinity binding site (& = 80 PM) 
that is absolutely dependent on MgCI,. For stable binding of ADP to this site, MgCI, must be present not 
only durmg the binding step but also during the elution-eentrifugation step used to separate the &subunrt 
bound [3H]ADP from the free ligand. When MgCl, is removed together with the free iigand 13H]ADP disso- 
ciates very rapidly from this second binding site. 
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1. INTRODUCTION 
The characterization of substrate binding sites 
on the proton-translo~ating FoFr-ATP synthase is 
a prerequisite for the elucidation of its mechanism 
of action. Previous studies have shown that this 
enzyme complex has several nucleotide binding 
sites that reside in the two larger subunits, CY and 
,6’ [l-4]. They seem to include both catalytic and 
regulatory sites, but the exact subunit location of 
each category is not clear, 
Individual a- and ~-subunits that were isolated 
in an active form, have also been shown to contain 
nucleotide binding sites [5-g]. The most promising 
approach to the identification of the number, and 
characterization of the role of these sites is to ex- 
amine the direct binding of labeled ADP and ATP 
to the isolated, active CX- and ~-subunits. Such 
studies have been carried out until now only on the 
cx-subunit of Escherichia coli [5] and on the P- 
subunit of R. r~~r~~ 181. These studies have iden- 
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tified one, high affinity, nucleotide binding site on 
the a-subunit, whereas on the P-subunit two 
nucleotide binding sites have been found. One of 
them, which is very similar to the binding site 
located on the m-subunit, is a high affinity site, 
that is independent on MgClz and binds either 
ATP or ADP. The second is a low affinity site that 
is absolutely dependent on MgClz and has been 
shown to bind only ATP 181. Recently, we have 
also identified one, Iow affinity, ~gCI~-dependent 
P, binding site on the R. rubrum P-subunit [lo]. It 
seems to be located at the low affinity ATP bind- 
ing site and its properties suggest it is a catalytic 
site. 
In light of these results the failure to observe a 
low affinity binding site for ADP on the isolated fi- 
subunit [S] was rather surprising; the more so, 
since we have earlier reported that this P-subunit 
does rebind to P-less chromatophores and restores 
fully their ATP synthesis as well as hydrolysis ac- 
tivities f 1 f ,121. The present study was initiated to 
determine if by changing the conditions of the 
binding assay a low affinity binding site for ADP 
could be demonstrated on the isolated .&subunit. 
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2. EXPERIMENTAL 
Growth of R. rubrum cells, preparation of 
chromatophores and isolation and purification of 
the reconstitutively active ,&-subunit have been 
earlier described 18, I 1,121. In the experiments 
reported here an electrophoretically pure ,& 
subunit, which restored 92-97% of the 
photophosphorylation or Mg2+-ATPase activities 
of &less chromatophores, was used. Before in- 
cubation of the P-subunit with [3H]ADP, a con- 
centrated solution of EDTA was added to ,& at 
2-3 mglml in the storage buffer (50 mM 
Tricine-NaOH, pH 8.0; 4 mM ATP; 4 mM MgClz 
and 10% glycerol) so that the final concentration 
of EDTA was 2 mM. The&subunit was then freed 
from the storage buffer by elution-centrifugation 
[ 131 in Sephadex G-50 columns equilibrated with 
50 mM Tricine-NaOH, pH 8.0; 20% glycerol; 
2 mM EDTA and 50 mM NaCl. The elution- 
centrifugation step was repeated twice. After this 
treatment ~0.1 mol ATP remained bound to the 
P-subunit [lo], but it retained its reconstitutive ac- 
tivity and its nucleotide binding capacity when 
kept for at least severai hours at room temperature 
(23°C). 
[2,8-3H]ADP (26-30 Ci/mmol) was obtained 
from New England Nuclear and was diluted with 
chromatographically purified non-radioactive 
ADP to give a specific radioactivity of 1.4 x 
1 O5 cpmlnmol. 
Binding studies were carried out by incubating 
[3H]ADP with the P-subunit at 10pM [8] in TG 
buffer (50 mM Tricine-NaOH, pH 8.0; 20% 
glycerol) containing either varying concentrations 
of MgClz, as indicated in each figure, or 2 mM 
EDTA in the absence of MgCl2. The incubation 
was initiated by addition of the P-subunit, and 
after 1 h at 23°C the mixture was subjected to 
elution-centrifugation on Sephadex columns to 
separate the free and bound 13H]ADP, as in [8]. 
The columns were preequilibrated with the buffer 
indicated in each figure. The effluent from each 
column was diluted with 1 ml water and ap- 
propriate aliquots were assayed for 3H radioactivi- 
ty and protein content. 
Protein was determined as in 1141. 3H radioac- 
tivity was measured by liquid scintillation counting 
[13]. Binding data were calculated by using an M, 
of 50000 for the P-subunit [15]. The dissociation 
constants were obtained by treatment of Scatchard 
plots as in [16]. 
3. RESULTS AND DISCUSSION 
The reconstitutively active P-subunit isolated 
from the R. ~b~~~ membrane-bound ATP syn- 
thase has been found to bind 2 mol ATP, but only 
1 mol ADP/mol, when examined by the elution- 
centrifugation technique [8]. This technique was 
shown to be very effective in removing unbound 
ions from a protein sample 1131. So it can be used 
to separate bound and free nucIeotides, provided 
that the bound nucleotide is stable and does not 
dissociate from its binding site during centrifuga- 
tion on the Sephadex column. If, however, 
nucleotide binding requires the presence of an ad- 
ditional effector, i.e., MgCl2 for ATP binding to 
the second site on p [8], the bound nucleotide 
might dissociate when this effector is removed, 
together with the free nucleotide, during the cen- 
trifugation step. Our results indicate that this was 
not the case with the MgClz-dependent ATP bind- 
ing to@. Since, although it required the presence of 
MgClz during the incubation, it remained bound to 
the &subunit when centrifuged on Sephadex col- 
umns that were preequilibrated with buffer in the 
absence of MgCl2 [8]. This could, however, be the 
reason for our failure to observe, in a similar set of 
experiments, a second, MgCl2-dependent, binding 
site for ADP. 
The experiments summarized in fig.1 were 
designed to test this possibility by including in- 
creasing concentrations of MgCl2 in the incubation 
mixture as well as in the buffer used for pre- 
equilibration of the Sephadex columns before the 
elution-centrifugation step, that separates the P- 
subunit bound [3H]ADP from the remaining free 
[3H]ADP. The results indicate that this is indeed 
the case and under appropriate conditions two 
ADP binding sites can be revealed on the R. 
abet ~-subunit. One of these sites does not re- 
quire MgCl2 and is not affected by it, since the 
same binding stoichiometry of 1 mol ADP/mol fl 
was obtained when the MgCL concentration dur- 
ing incubation was raised from 0 to 10 mM. ADP 
binding to the second site required the presence of 
MgClz in the incubation mixture, being optimal 
when the MgCl2 to ADP ratio was between 0.5 to 
1 .O, but it could be detected only when MgCl2 was 
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Fig.1. Dependence of ADP binding to a second site on 
the&subunit on the presence of MgCl2 in the incubation 
as well as the elution-centrifugation steps. ,L?’ was 
incubated at 10,~M with 4 mM [3H]ADP in TG buffer 
containing the indicated concentrations of MgCb, or 
2 mM EDTA when no MgC12 was present. After 1 h 
aliquots from each incubation mixture were freed from 
unbound ADP by elution-centrifugation on a series of 
Sephadex G-50 columns equilibrated with TG buffer 
containing the following concentrations of MgC12: 
0 mM (A), 4 mM (0), 10 mM (v) and 20 mM (0). The 
binding stoichiometry was calculated as described in 
section 2. 
included also in the preequilibration buffer used 
for the Sephadex columns (fig. 1). These results in- 
dicate that the removal of MgClz leads to a very 
rapid dissociation of ADP from this site. The con- 
centration of MgC12 required for retaining all the 
ADP bound to this second site during the elution- 
centrifugation step is even higher than that re- 
quired for the binding itself. Thus, although the 
presence of 2 mM MgClz during incubation of /3 
with 4 mM ADP was enough for complete occupa- 
tion of both sites, the inclusion of at least 20 mM 
MgC12 in the preequilibration buffer was required 
to avoid the dissociation of ADP from the second 
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Fig.2. Time-dependence of ADP binding to the ,8- 
subunit as affected by the presence of MgC12 during the 
elution-centrifugation step. ,8 was incubated at 10pM 
with 4 mM [3H]ADP in TG buffer containing 5 mM 
MgCb. At the time indicated, aliquots were freed from 
unbound ADP by elution-centrifugation on a series of 
Sephadex columns as described in fig. 1. 
The time course of ADP binding to both sites on 
the P-subunit is illustrated in fig.2. When MgC12 
was present only in the incubation mixture, the 
binding of ADP reached a maximal level of 
-0.9 mol/mol,B after about 10 min of incubation 
with a tn of 3 min. Addition of MgC12 also to the 
preequilibration buffer had no effect on the 
kinetics of ADP binding to this site, but revealed 
a second, much slower, phase of ADP binding, 
that was dependent on the concentration of MgC12 
in the preequilibration buffer. When 20 mM 
MgCl2 was added to the buffer, this second phase, 
which reached equilibrium binding only after 1 h 
with a tl, of about 25 min, led to binding of an 
additional mol ADP/mol P. 
The existence of two binding sites for ADP on 
the P-subunit was clearly demonstrated in ex- 
periments where,8 was incubated without and with 
5 mM MgC12, in the presence of a wide range of 
ADP concentrations, and ADP binding was tested 
after elution-centrifugation on Sephadex columns 
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Fig.3. Scatchard plot analysis of ADP binding to the& 
subunit. fl was incubated at 10,uM with the indicated 
concentrations of [3H]ADP in TG buffer containing 
either 5 mM M8C12 (A) or 2 mM EDTA in the absence 
of MgCIz (0). After 1 h ahquots from each incubation 
were freed from unbound ADP by ehrtion- 
centrifugation on Sephadex columns equilibrated with 
TG buffer containing 20 mM M&12, and the effluents 
were assayed for bound ADP as described in section 2. 
preequilibrated with 20 mM MgClz (fig.3, inset). 
When incubated in the absence of MgClz about 
1 mol of binding site/moi p was titrated, showing 
a monophasic binding curve that saturates at 
50pM ADP. The presence of MgClz during both 
the incubation and centrifugation steps results in a 
biphasic binding curve. The first phase being iden- 
tical to that observed in the absence of MgClz dur- 
ing the incubation, whereas the second phase 
saturated only around 2 mM ADP, reaching a 
maximal level of about 1.8 mol ADP bound/m01 
0. A Scatchard plot analysis of the binding data 
(fig.3) reveals two binding sites, a high-affinity site 
with a lud of 4.7 pM and a bow-affinity site with a 
& of 80pM. This & is identical to the &, for 
ADP, measured during ATP synthesis with 
spinach thylakoids [ 171. 
The results presented here regarding the kinetics 
and binding stoi~hiometry of ADP to the & 
subunit are very similar to those earlier observed 
for ATP [S]. Both nucleotides bind, with similar 
Kd values, to two sites on fl: to a high-affinity 
Mg~l~-inde~ndent site and to a bow-affinity 
MgCiz-dependent site. Furthermore, with both 
nucleotides the Kd values for the low-affinity site 
are very similar to the respective K,,, values 
measured for ATP hydrolysis in R. mbrum 
~hromatophores 1181 and for ADP phosphoryla- 
tion in spinach thylakoids [17]. 
One important difference has, however, 
emerged from the comparison of the binding 
properties of ATP and ADP to the&subunit. ATP 
forms a very stable Mg-ATP complex at the low- 
affinity binding site in thee-subunit, whereas ADP 
forms an unstable complex that dissociates very 
rapidly. The remarkable stabihty of the Mg- 
ATP-fl complex may be due to the presence of the 
y phosphoryl group, which could react as an addi- 
tional anchoring point for ATP at the binding site. 
We have recently obtained experimental evidence 
for this suggestion when studying the effect of 
ADP and ATP on the Pi binding site in the R. 
rubrum P-subunit [IO]. 
Our observation, that the Mg-ADP-fi complex 
is unstable, dissociating very rapidly upon removal 
of MgClt after the binding step, might explain 
earlier reported data on the poor binding of 
nucleotides to the isolated E. co/i &subunit [5,9] 
and of Pi to CFi [19,20], if also in these cases an 
unstable Mg-ligand-protein complex is formed. 
indeed, in all these reports MgClz, even when pre- 
sent during the incubation of the protein with the 
Iigand, was removed when separating the bound 
and free ligands. It might, therefore, be worth- 
while to repeat these experiments using high con- 
centrations of MgClz during the separation step. 
A~KN~W~ED~EMENT 
This work was supported in part by the Minerva 
Foundation Munich/FRG. 
REFERENCES 
[l] Harris, D.A. (1978) Biochim. Biophys. Acta 463, 
245-273. 
[2] Shavit, N. (1980) Annu. Rev. Biochem. 49. 
111-138. 
[3] Cross, R.L. (1981) Annu. Rev. Biochem. 50, 
681-714. 
[4] Senior, A.E. and Wise, J.G. (1983) J. Membr. 
Biol. 73, 105-124. 
13 
Volume 178, number 1 FEBS LETTERS December 1984 
[5] Dunn, SD. and Futai, M. (1980) J. Biol. Chem. [13] Penefsky, H.S. (1977) J. Biol. Chem. 252, 
255, 113-118. 2891-2899. 
[6] Ohta, S., Tsuboi, M., Oshima, T., Yoshida, M. 
and Kagawa, Y. (1980) J. Biochem. (Tokyo) 87, 
1609-1617. 
[7] Lunardi, J., Satre, M. and Vignais, P.V. (1981) 
Biochemistry 20, 473-480. 
[8] Gromet-Elhanan, Z. and Khananshvili, D. (1984) 
Biochemistry 23, 1022-1028. 
[9] Hirano, M., Takeda, K., Kanazawa, H. and Futai, 
M. (1984) Biochemistry 23, 1652-1656. 
[lo] Khananshvili, D. and Gromet-Elhanan, Z. (1984) 
submitted. 
[14] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and 
Randall, R.J. (1951) J. Biol. Chem. 193, 265-275. 
[15] Bergis-Garber, C. and Gromet-Elhanan, Z. (1979) 
Biochemistry 18, 3577-3589. 
116) Rosenthal, H. (1967) Anal. Biochem. 20, 525-532. 
[17] Selman, B.D. and Selman-Reimer, S. (1981) J. 
Biol. Chem. 256, 1722-1726. 
[18] Horio, T., Nishikawa, K., Katsumata, M. and 
Yamashita, J. (1965) Biochim. Biophys. Acta 94, 
371-382. 
[l l] Philosoph, S., Binder, A. and Gromet-Elhanan, Z. 
(1977) J. Biol. Chem. 252, 8747-8752. 
[12] Khananshvili, D. and Gromet-Elhanan, Z. (1982) 
J. Biol. Chem. 257, 11377-11383. 
[19] Tiefert, M.A., Roy, H. and Moudrianakis, E.N. 
(1977) Biochemistry 16, 2396-2404. 
[20] Pougeois, R., Lauquin, G. J.-M. and Vignais, P.V. 
(1983) Biochemistry 22, 1241-1245. 
14 
